a b s t r a c t
Sulfur and fluorine substituted Sn 2 Nb 2 O 7 pyrochlore compounds were synthesized to produce brilliant orange/red colors as an environmentally friendly alternative to other toxic inorganic pigments. Neutron structure refinements indicate that the studied compositions crystallize in the pyrochlore structure with a large number of cation and/or anion vacancies and significant local structural disorder. The cubic unit cell decreases with increasing sulfur and fluorine content. The Sn 2þ cation is off-center by 0.39e0.48 Å from the ideal site, and the oxygen O 0 is strongly displaced to the 32e position by an extraordinarily large distance that has never been reported for a pyrochlore type phase. The unprecedented displacive disorder and unusual lattice evolution upon sulfur substitution are presumably driven by the strong lone pair stereoactivity associated with Sn 2þ . Chemical analysis confirmed the existence of sulfur and fluorine, Optical characterization was performed through diffuse reflectance and color meter measurements. The band gap is determined to be in the range of 2.35 to 2.05 eV as sample color changes from yellow to orange/red. All powder samples show 60e95% reflectance in the near-infrared (NIR) region, adding new functionality to the application of these compounds as "cool" pigments.
Introduction
A highly sought-after goal in the pigment industry is to discover a durable, non-toxic, inorganic, red pigment. An intense red color can be produced in a material with an appropriate band gap if two criteria are satisfied: first, the absorption edge must be located at the appropriate energy (~2.0 eV) so that the red component of the visible spectrum is not absorbed; secondly, the absorption edge must be sufficiently sharp so that most other photon energies within the visible range (green and blue) are absorbed. An intense red color is obtained in the CdS 1-x Se x series, along with the red pigment vermilion (HgS), based on the band gap of the material [1] . However, all these red pigments suffer from both toxicity and stability issues and are currently being phased out for use as pigments in large scale coatings. Although some oxides, oxynitrides, sulfides, and oxysulfides with orange to red colors are promising candidates to fill this role, the development into industrially available pigments has yet to be executed, and stability problems have not been effectively resolved [2e4] . Surprisingly, the band gap in oxides is rarely the appropriate value to give an attractive red color. The valence band in metal oxides is comprised primarily of O 2p states, and filling a cation s band located just above the O 2p band could be a method of reducing the band gap to produce red colored materials. This idea led us to explore the chemistry of oxides with s 2 cations such as Sn 2þ .
There are considerable efforts in industry and academia to replace toxic Pb 2þ (6s 2 [11] . The general formula of the ideal pyrochlore structure is A 2 M 2 O 6 O 0 with space group Fd3m and 8 molecules per unit cell. In this structure each M cation is connected to six oxygen anions forming octahedra, corner-sharing to create the base network of the pyrochlore structure (Fig. 1) . Each A cation is surrounded by eight oxygen anions, consisting of six O forming a puckered ring and two O 0 forming two shorter bonds with the A cation ( Fig. S1(a) , see SI section). The crystal structure can be described as an interpenetrating network of M 2 O 6 octahedra and A 2 O 0 chains. This description is widely used, as it is suitable for most pyrochlore compounds including defect pyrochlores of the type ,AM 2 O 6 , and A 2 M 2 O 7-x , x (, ¼ vacancy) where the M 2 O 6 network still forms the octahedral "backbone" of the structure [10] . The unique nature of the pyrochlore structure has allowed a wide variety of chemical substitutions at the A, M, O and O 0 sites. Sn (II) containing pyrochlores are known to produce oxides ranging in color from yellow and dark orange to red/brown, where the color originates from the band gap of the structure. For example, deep yellow or orange colors can be obtained in the compounds Sn 2 Nb 2 O 7 , Sn 2 TiNbO 6 F, and Sn 2 Ti 0$9 Ta 1$1 (O,F) 7 , adopting the pyrochlore structure [12] . Shepherd Color Company disclosed the successful synthesis of Sn 2 Nb 2 O 7 pyrochlore oxides and their sulfur substituted analogues as potential non-toxic replacement for currently available yellow and orange/red pigments containing cadmium, lead or mercury [13] . The company has introduced a new yellow pigment in the market based on this parent pyrochlore compound Sn 2 Nb 2 O 7 , commercially named as Niobium Tin Pyrochlore (NTP) [14] . Although substitution of sulfur for oxygen in the SneNbeO system is reported in the patent literature with the color ranging from yellow to orange, the exact compositions of the phases and the origin of the color are not fully understood [14] . [18] . In this work, we report for the first time on detailed structural analysis of the parent compound Sn 2 Nb 2 O 7 as well as its sulfur substituted analogues using powder neutron diffraction. The structure of fluorine substituted compound Sn 2 TiNbO 6 F is also examined for the first time via powder neutron diffraction and M€ ossbauer spectroscopy. Optical properties including NIR reflectance were measured for the Sn 2 Nb 2 O 7-x S x (x ¼ 0e0.7) and Sn 2 TiNbO 6 F samples. Our primary objective to unravel the structure-property relationship in these interesting yet complicated color materials is to provide guidance for the rational design of environmentally benign inorganic pigments.
Experimental
Polycrystalline samples of Sn 2 Nb 2 O 7-x S x (x ¼ 0.0e1.0) and Sn 2 TiNbO 6 F were prepared through standard solid state synthesis. Stoichiometric quantities of SnO (Johnson-Matthey, 99.9%), Nb 2 O 5 (Alfa Aesar, 99.9þ%), SnS (Alfa Aesar, 99.5%), TiO 2 (Sigma Aldrich, 99.9þ%) and SnF 2 (Aldrich, 99%) were mixed thoroughly using an agate mortar and pestle. The pelletized mixture was then sealed in a fused silica ampule under vacuum (10 À4 mm Hg), and heated at 850 C in a MTI furnace for 12 h. The samples were reground and reheated repeatedly to complete the reaction. X-ray diffraction data were obtained using a Rigaku Miniflex diffractometer employing Cu K a radiation with a graphite monochromator on the diffracted beam. An internal standard was used during the data collection for lattice parameter calculations. Timeof-flight neutron diffraction data were collected for Sn 2 Nb 2 O 7 and Sn 2 TiNbO 6 F at the Oak Ridge National Laboratory (ORNL) Spallation Neutron Source (SNS) POWGEN beamline. Powder neutron diffraction data for Sn 2 Nb 2 O 7-x S x (x ¼ 0.2, 0.4, 0.6) were collected on the 32-counter high-resolution diffractometer BT-1 at the Center for Neutron Research at the National Institute of Standards and Technology (NIST). A Cu (311) monochromator, yielding a wavelength of 1.5403(2) Å, was employed. Collimation of 15 0 of arc was used before the monochromator, 20 0 before the sample, and 7 0 before the detectors. The samples (~10 g) were loaded into vanadium containers 15.6 mm in diameter and 50 mm in length. Data were collected at room temperature over a 2q range 3e167 . Rietveld refinements utilized the GSAS software package with the EXPGUI interface [19] .
Diffuse reflectance data (up to 2500 nm) were collected using a Jasco V-670 Spectrophotometer and converted to absorbance using the Kubelka-Munk equation. A Konica Minolta CM-700d Spectrophotometer (Standard illuminant D65) was used to measure the L*, a*, b* color coordinates.
The 119 Sn M€ ossbauer data were obtained on a constantacceleration spectrometer using a 10 mCi Ca 119m SnO 3 source. The spectra were acquired at room temperature by using a MS-96 spectrometer (Palacký University) and at low temperature by Fig. 1 . Representation of the ideal pyrochlore structure, with an interpenetrating network of corner-sharing M 2 O 6 octahedra and A 2 O 0 chains. using a SH-850 closed cycle cryostat (Janis Research). The measurements were carried out on powder samples and the isomer shifts were determined with reference to CaSnO 3 .
Thermogravimetric analysis (TGA) was performed using a TA Instruments Model TGA Q50. The weight loss or weight gain was assessed upon heating the samples under air or N 2 flow to 800 C with a ramp rate of 5 C/min.
Chemical analyses of sulfur and fluorine were carried out by Galbraith Laboratories. Sulfur content was estimated using a combustion method for Sn 2 Nb 2 O 7-x S x samples with nominal x values 0.2, 0.4 and 0.6. Fluorine content was evaluated by the ion selective electrode method. The fluoride in the compound was released through pyrolysis at 1100 C under a stream of moist oxygen using vanadium pentoxide as an accelerator. The resulting fluorine in solution was then examined by a fluoride ion-specific electrode (ISE).
Results and discussion

Structure analysis
Powder X-ray diffraction data of sulfur substituted samples Sn 2 Nb 2 O 7-x S x (0 x 1.0) are shown in Fig. 2 . The sample color varies from yellow to reddish or dark orange as a function of the sulfur content. The nominal formula Sn 2 Nb 2 O 7-x S x is used here for convenience as the actual general formula is more complicated, consisting of a large number of vacancies and distortions: Sn
The maximum miscibility limit of sulfur is found to be x ¼ 0.6, after which the X-ray patterns start to show the appearance of SnNb 2 O 6 (foordite) as a major impurity phase (Fig. 2 ). Chemical analyses for x ¼ 0.2, 0.4 and 0.6 samples confirmed the presence of sulfur in the solid solution. Thermogravimetric analysis (TGA) for x ¼ 0 and 0.6 samples indicated that these compounds were fairly stable up to 800 C when heated under nitrogen flow ( Fig. S2(a) , see SI section). When heated in air, both samples underwent a color change, although the parent compound Sn 2 Nb 2 O 7 did not show significant weight gain. The sulfur containing sample x ¼ 0.6 however showed 8% weight gain ( Fig. S2(b) , see SI section) due to the formation of SnSO 4 as indicated by XRD analysis of the TGA residue, providing further experimental evidence to the presence of sulfur in the system. XRD patterns of all pure samples can be indexed well in cubic space group Fd3m. Cell edges are calculated by LeBail fits using GSAS/EXPGUI software [19] . The variation of lattice parameter a with increasing nominal sulfur content is shown in Fig. 3 . There is a very good agreement between the refined X-ray and neutron values, and the cell edges determined for zero and low sulfur compositions fall within the range previously observed for nonstoichiometric phases in the Sb-Nb-O system [17] . Nonetheless, the slight decrease seen in the lattice dimension with increasing sulfur substitution is not expected, as the anionic radius of sulfur is much larger than that of oxygen [20] . [8] . This is due to the weakening of the interaction of anion X p states (X ¼ O, S, Se, Te) with Sn 5s states which in turn reduces the coupling of Sn 5s/Sn 5p, leading to less stereoactive Sn(II) lone pair from SnO to SnTe. As a consequence of the anion-dependent lone pair effect, larger chalcogenides have the tendency to form less distorted phases, like SnTe which favors the more symmetric rocksalt structure compared to SnO. Similarly, when substituting sulfur for oxygen in chalcogenides like Sn 2 Nb 2 O 7-x S x , more regular pyrochlore structures (the trend line in Fig. 4 ) and hence smaller unit cells are expected owing to the reduced lone pair stereoactivity upon sulfur substitution.
Although the crystal structure of the parent compound Sn 2 Nb 2 O 7 was previously characterized by single crystal and powder X-ray data [15, 17] , a neutron diffraction study has never been reported, especially for the sulfur and fluorine containing pyrochlore phases. The pyrochlore structure (A 2 M 2 O 6 O 0 ) is known to tolerate both cation and anion deficiencies [10] , and neutron diffraction is more efficient than X-ray diffraction for precisely locating light atoms like oxygen as well as for determining oxygen vacancies in the defect oxides. In this work, the least-squares refinements are performed on powder neutron data of the Sn 2 Nb 2 O 7-x S x (x ¼ 0.0, 0.2, 0.4, 0.6) series in cubic space group Fd3m. The results are summarized in Table 1 and more details can be found in the CIF files (see SI section). The representative Rietveld fits (x ¼ 0.0 and 0.4) in Figure S3 (see SI section) and Fig. 5 show good agreement between the calculated and the observed intensities. The total amount of impurity phases, such as SnNb 2 O 6 (foordite), SnO 2 and SnS, was found to be <1% for phases with low sulfur content and <3% for the x ¼ 0.6 sample. The metallic Sn impurity is not always noticeable in the diffraction patterns, but it is readily seen under an optical microscope as small shiny spheres and can be removed by an acid wash using diluted HCl. The refined formulas show the expected non-stoichiometry that is normally encountered in the family of tin pyrochlores. The disordered crystal structure is compared with the ideal pyrochlore structure in and O ions at room temperature. Furthermore, significant discrepancy remains between the observed and calculated intensities. After removing A and O 0 ions from the crystal structure, difference Fourier maps clearly reveal off-center nuclear density around the 16d and 8b sites, indicating static disorder. The shape of the nuclear density is a bicapped torus around the centric A site, and that around the O 0 site is a group of four spherical lobes arranged tetrahedrally along the 3-fold axis. A disordered model is therefore adopted for structural refinements, in which the A-site cations are displaced to the 96h (0, y, y) and 96g (x, x, z) sites and the O 0 anions to the 32e (x, x, x) site, giving rise to reasonable ADPs, better R factors (Table 1) , and good agreement between the observed and calculated profiles ( Figure S3 , see SI section). The data refined to generate a final formula of Sn , Pb 2þ with 6s 2 lone pair electrons is relatively inert and no static disorder was found for Pb-containing defect pyrochlores [30] . A similar structural model is applied to sulfur substituted samples and the neutron refinement results are shown in Table 1 . The refined sulfur content is consistent with that found The pyrochlore structure can support local distortions and deviations from the ideal stoichiometry through cation and anion partial occupancy and disorder, but these factors are generally correlated and can cause perturbations that would not otherwise occur [26,28e32] . The Sn 2þ vacancy makes it impossible for all oxygen ions in the 8b positions to be tetrahedrally coordinated as in the ideal pyrochlore structure. The existence of Sn 2þ vacancies and off-centering causes oxygen ions to deviate from their ideal 8b site (O 0 ), moving toward a face of the A cation tetrahedron to occupy the 32e position (O 00 ). This is demonstrated in the difference Fourier map as extra scattering density along the [111] direction toward the disordered Sn 2þ position nearby. As sulfur is larger than oxygen it preferentially occupies the ideal 8b position and the displacement to the 32e site only occurs for the oxygen ions, confirmed through i This is the distance between 8b and 32e sites, not a bond distance. structure refinements (Table 1 ). This type of distortion commonly occurs in anion and cation defect pyrochlores. In this work, we find the magnitude of oxygen displacement from 8b to 32e site is in the range between 0.65 and 0.70 Å for all compositions, which is about 2e6 times as large as those reported for bismuth pyrochlores [26, 28, 29, 32] . This unprecedented movement of oxygen ions, away from the ideal 8b position, is presumably the consequence of much stronger lone-pair stereoactivity on Sn 2þ in comparison with other cations with the ns 2 electronic configuration. Sn M€ ossbauer spectra obtained at 10 K are shown in Fig. 7 (a) were corrected for different Lamb-M€ ossbauer factors by using a Debye model for the temperature dependence of the spectra and for differences in zero-point motion [16, 17] . This atomic percentage of Sn 4þ derived from M€ ossbauer data is used to estimate the con- 4 and SnO [17] . In the ideal pyrochlore structure, the eight-coordinated A cation is at the 3m site, surrounded by six equivalent A-O long bonds and two identical A-O 0 short bonds (directly opposite each other). In pyrochlores where the A site is occupied by off-center Sn 2þ however the stereoactivity of the lone pair on Sn 2þ induces severe local distortion, resulting in: (1) six SnÀO (Sn at 96h/96g and O at 48f) bond distances ranging from 2.36 Å to 3.11 Å, with a weighted average distance of 2.74 Å; (2) two SnÀO 00 (Sn at 96h/96g and O 00 at 32e) bonds with a weighted average distance of 2.40 Å. The overall average SneO bond length is therefore 2.66 Å, in reasonable agreement with previously reported data [15, 17] . The shortest SnÀO 00 distance is found between Sn 2þ at the 96g site and oxygen at the 32e site, however the bonding situation is hard to describe given the high degree of disorder and large amount of vacancies around these sites. The Sn 2þ ÀO bond distance as short as~2.1 Å was found in tungsten bronzes of the type Sn 2þ x WO 3 [35] ; it is 2.103 Å in Sn 3 WO 6 [9] , 2.125 Å in Sn 2 WO 5 [9] , 2.15 Å in SnHPO 4 [36] , and 2.18 Å in SnNb 2 O 6 [37] and SnWO 4 [38] . Our refined Sn 2þ ÀS distance (2.33 Å) is also shorter than expected according to Shannon radii [20] , it is however much longer than what was reported for SnS (2.11 Å) [39] . The variation of average bond distances as a function of sulfur content is shown in Fig. 9 for Sn 2þ -O'' (32e) (weighted), Sn 2þ -O'/S (8b), Sn competing for the octahedral oxygens at 48f sites, it is expected that the Sn 2þ -O bond distance increases while the other decreases.
We have reported earlier the substitution of anions such as fluorine in the O 0 8b site of the pyrochlore structure Sn 2 TiNbO 6 F, where the Ti 3d band lies below the Nb 4d levels, resulting in a reduction of the band gap and a shift from yellow to orange color [12] . In this case, the charge difference from the substitution of fluorine is compensated through the addition of titanium into the M site. It is hypothesized that the color in these compounds comes from the transfer of electrons from the Sn 2þ 5s to the Ti 4þ /Nb 5þ mixed empty d-orbitals. In this work, Sn 2 TiNbO 6 F was synthesized in the same way as the Sn 2 Nb 2 O 7-x S x series. The 119 Sn M€ ossbauer spectra confirmed the presence of Sn 4þ with an atomic percentage of~3% as shown in Fig. 7 (b) , close to that seen for sulfur containing samples at high substitution levels (x ¼ 0.6). The starting material SnF 2 does not disproportionate like SnO which explains the low Sn 4þ content relative to the parent compound. No impurities were detected by X-ray diffraction and no shiny Sn metal particles were found under the microscope. In order to understand the relationship between the structure and the color, we performed the Rietveld refinement using neutron powder diffraction data. The refined formula for this compound is Sn Table 1 and Figure S1 (c) (see SI section). Based on difference Fourier maps, a disordered structural model was adopted with Sn 2þ at both 16d and 96h/96g sites. When Sn 2þ was refined in the 96g position, the occupancy was consistently a negative value, indicating the absence of Sn 2þ at this site. Most Sn 2þ cations are displaced to the 96h position and only~6% found at the ideal 16d site, the sum of which giving rise to a fully occupied A site. The M site is also completely occupied, with the amount of niobium and titanium refined and Sn 4þ fixed at the value determined by M€ ossbauer spectroscopy. Because of their similar neutron scattering lengths it is difficult to differentiate between oxygen and fluorine using the diffraction technique. The fluorine content was then experimentally determined by elemental analysis, and the structure was refined with fluorine in the 8b position as assumed by previous reports [10, 12] . The nonstoichiometric concentration of fluorine could be the consequence of synthesis inside quartz tubes (to mitigate Sn 2þ disproportionation), which tends to produce a white coating on the inner walls of the tube due to the reaction of fluorine with SiO 2 . Compared with the parent compound Sn 2 Nb 2 O 7 and its for Sn(IV) in the pyrochlore phase was fixed at 0.3 mm/s, a value corresponding to the average for fits of different samples. This parameter is not strongly determined by the spectra. sulfur containing counterpart, the fluorine substituted Sn 2 TiNbO 6 F pyrochlore has less defects/disorder, a smaller unit cell (10.472 Å) and shorter bond distances as a result of replacing Nb 5þ with smaller Ti 4þ in this more symmetric structure. The success in fluorine substitution suggests that while adding sulfur results in darker colors, there is more than one avenue to achieve the intense orange/red colors in tin pyrochlores.
Optical properties
The systematic color change from yellow to dark orange with increasing amount of sulfur indicates a decrease in the band gap with sulfur addition. The reported band gap for the parent compound Sn 2 Nb 2 O 7 is 2.4 eV [40] whereas the ideal band gap is~2 eV for a red pigment such as CdS 1-x Se x or HgS [1] . Diffuse reflectance Compared with x ¼ 0 the band gap is red-shifted by 0.13e0.30 eV upon sulfur substitution. The absorption edge shifts abruptly at first and then slowly thereafter as x increases. This initial abrupt change could be ascribed to the significant modification of the band structure by small amount of sulfur. Apparently sulfur plays a major role in inducing the orange color because previous work on the SnNb-O system always resulted in the yellow color regardless of variation in the Sn:Nb:O ratios [17] . The gradual shift at higher x may be due to the gradual shortening of the Nb-O bond. The extrapolated values of band gap are shown in Fig. 11, ranging . When sulfur is substituted into the lattice of the tin niobate, the addition of the S 3p band to the valence band increases valence band maximum and accordingly decreases the band gap (close to 2 eV), accompanied by a color change from yellow to orange to red. This color change may also be enhanced by a decrease in the Sn 4þ content (with filled 4d orbitals) at the octahedral sites when sulfur is substituted for oxygen, by increasing the probability of charge transfer from filled O 2p to empty Nb 5þ 4d orbitals. In the fluorine substituted analogue, the color arises from the electron transfer from O 2p to empty Ti 3d orbitals, the presence of which lowers the band gap and produces a redder color. Schematics of band structures are illustrated in Fig. 13 for the parent compound Sn 2 Nb 2 O 7 , along with the possible modifications after incorporating S, F and Ti. In contrast, the tantalum containing pyrochlores with Ta 5d states are all white due to much larger band gap energy ( Figure S5 , see SI section). The actual band structure calculation would be complicated due to the existence of large amount of disorder and vacancies. The CIE color space measurements [44] were performed for the Sn 2 Nb 2 O 7-x S x solid solution (Fig. 14) and Sn 2 TiNbO 6 F. The L* a* b* color coordinates for Sn 2 Nb 2 O 7-x S x (x ¼ 0.0 and 0.6) and Sn 2 TiNbO 6 F samples are listed in Table 3 sample is brighter than Sn 2 Nb 2 O 7-x S x (x ¼ 0.6) with identical red character a* and more yellow hue.
In addition to color, another desired property of pigments is the ability to reflect heat. NIR reflectance spectra exhibit~60% reflectance for Sn 2 TiNbO 6 F ( Figure S6 , see SI section) and 75e95% reflectance for the sulfur substituted series (Fig. 15) in the near infrared region, categorizing the materials as "cool" pigments. Practical applications require pigments that are durable under solar radiation and some severe conditions. It has been reported that pigments reflecting solar energy can help to delay warping and weathering, and resist heat build-up [45] . In regard to acid tests, our pigments show excellent stability in diluted nitric, hydrochloric and sulfuric acids.
Conclusion
Compounds with the nominal composition Sn 2 Nb 2 O 7-x S x (x ¼ 0.0e0.6) and Sn 2 TiNbO 6 F were synthesized and characterized structurally and optically. There is a 0.2% decrease in the cell edge as a function of sulfur addition, essentially resulting from the increased symmetric nature of the cubic pyrochlores containing Deviations from the ideal crystallographic sites were observed for both Sn 2þ cations and non-octahedral oxygen anions. Displacement of the non-octahedral or tunnel oxygens, from 8b to 32e positions, is found to be much larger than previously reported for similar pyrochlore systems. The band gap energies were tuned to achieve orange and red colors through anion substitutions, and the color change in Sn 2 Nb 2 O 7-x S x and Sn 2 TiNbO 6 F is directly related to S and Ti, respectively. The resulting samples exhibit fairly high heat reflectance desired for "cool" pigment applications. 
